The facultative intracellular human pathogenic bacterium Listeria monocytogenes actively recruits host actin to its surface to achieve motility within infected cells. The bacterial surface protein ActA is solely responsible for this process by mimicking fundamental steps of host cell actin dynamics. ActA, a modular protein, contains an N-terminal actin nucleation site and a central proline-rich motif of the 4-fold repeated consensus sequence FPPPP (FP 4 ). This motif is specifically recognized by members of the Ena/VASP protein family. These proteins additionally recruit the profilin-G-actin complex increasing the local concentration of G-actin close to the bacterial surface. By using analytical ultracentrifugation, we show that a single ActA molecule can simultaneously interact with four Ena/VASP homology 1 (EVH1) domains. The four FP 4 sites have roughly equivalent affinities with dissociation constants of about 4 M. Mutational analysis of the FP 4 motifs indicate that the phenylalanine is mandatory for ActA-EVH1 interaction, whereas in each case exchange of the third proline was tolerated. Finally, by using sedimentation equilibrium centrifugation techniques, we demonstrate that ActA is a monomeric protein. By combining these results, we formulate a stoichiometric model to describe how ActA enables Listeria to utilize efficiently resources of the host cell microfilament for its own intracellular motility.
Listeria monocytogenes is a Gram-positive facultative intracellular pathogen causing serious systemic infections in humans with compromised immune systems (1) (2) (3) . Following ingestion of contaminated food, entry into the host occurs in the intestinal tract, where L. monocytogenes induces its own phagocytosis by epithelial cells (4) . The bacterium escapes from the phagosome and freely proliferates within the host cell cytosol. Concomitantly with bacterial replication, L. monocytogenes induces polymerization of host actin at its surface leading to the formation of a comet tail-like structure (5, 6) . Continuous actin filament elongation generates the force required to propel the bacterium forward through the host cell cytoplasm (5, (7) (8) (9) (10) . Contact of the motile bacteria with the host cell plasma membrane leads to filopod-like extensions that are internalized by neighboring host cells where the bacterium continues its infectious life cycle.
Intracellular motility and the cell-to-cell spread of L. monocytogenes depends on the presence of a single surface protein, ActA, with the sole function of actin recruitment (11) (12) (13) . Heterologous expression of the actA gene in immobile Listeria innocua is thus sufficient to induce actin-based propulsion within the host cell (13) . Likewise, recombinant ActA, bound to the surface of either Streptococcus pneumoniae or polystyrene beads, induces comet tail formation and subsequent actinbased motility in Xenopus extracts (14 -16) . Furthermore, ActA expressed in mammalian cells is targeted to the surface of mitochondria that subsequently become covered with actin filaments (17) .
Mature ActA, containing 610 amino acid residues, can be divided in three distinct functional regions (Fig. 1A) (18, 19) as follows: an N-terminal part that enhances actin filament nucleation through interaction with the Arp2/3 complex of the host; a C-terminal region harboring a membrane anchor that non-covalently links the protein to the bacterial cell wall; and a central part containing four repeated proline-rich motifs of the consensus sequence FP 1 P 2 P 3 P 4 (FP 4 motif) required to bind members of the Ena 1 /VASP family (20 -23) . These eukaryotic proteins, including Drosophila Enabled (Ena), mammalian Enabled (Mena), Ena/VASP-like protein (Evl), and the vasodilator-stimulated phosphoprotein (VASP) all contain a highly conserved N-terminal Ena/VASP homology 1 (EVH1) domain that specifically recognizes the FP 4 motif present in ActA and in the eukaryotic focal adhesion proteins zyxin and vinculin (21, 24, 25) . By interacting with ActA, Ena/VASP proteins are responsible for recruitment of the actin assembly machinery to the surface of Listeria cells. The crystal structures of the Mena and Evl EVH1 domains in complex with an ActA-derived FP 4 peptide indicate that the peptide ligand adopts a polyproline II (PPII) helix conformation (26, 27) . It is recognized and bound by a hydrophobic crevice on the surface of the protein. In addition to the N-terminal EVH1 domain, the Ena/VASP proteins incorporate a central proline-rich region containing single or multiple GPPPPP (GP 5 ) motifs known to interact with profilin (28, 29) . The latter, an actin-monomer binding protein, in turn enhances actin polymerization under specific conditions (30) .
Although the central proline-rich region of ActA, in contrast to the N-terminal part, is not strictly required for actin assembly and L. monocytogenes motility, its deletion leads to delocalization of VASP and Mena from the bacterial surface, resulting in a drastic reduction in listerial motility and a strongly attenuated virulence (18, 21) . These results suggest that the central region of ActA acts as an accelerator of actin filament assembly by increasing the local G-actin concentration at the surface of the motile pathogen (18, 21, 31, 32) .
The exact molar ratio of the ActA⅐EVH1 protein complex was previously unknown. We present the first precise stoichiometry of the complex formed by recombinant ActA and Mena EVH1 domain using analytical ultracentrifugation. We also demonstrate how mutations of the fourth FP 4 motif of ActA influence the complex formation. Finally, by using sedimentation equilibrium centrifugation techniques, we unambiguously show that ActA is a functional monomer in contradiction to previous reports of ActA dimer formation (33) .
EXPERIMENTAL PROCEDURES
Materials-All chemicals were obtained from Merck, Fluka, or Sigma. Restriction enzymes were purchased from New England Biolabs, and oligonucleotides were ordered from Life Technologies, Inc.
Preparation of Expression Vectors-The coding sequence for recombinant, soluble ActA protein in which the C-terminal transmembrane anchor is replaced by a polyhistidine (His 6 ) tag was generated by polymerase chain reaction (PCR) utilizing Pwo polymerase and wildtype L. monocytogenes EGD chromosomal DNA as a template. The oligonucleotide GATTTCCATGGTGAAGATGCTTCTA (underlining indicates restriction sites; here NcoI) anneals upstream of the actA promoter and was used in combination with the downstream primer AAG-GATCCCTGCAGTTAGTGATGGTGATGGTGATGTAGATCTGTATG-GTTCCCTGGTTCT (BamHI) to amplify a DNA fragment containing the actA promoter (recognized by the transcriptional regulator PrfA), the gene encoding the signal sequence, and the first 585 amino acid residues of ActA, followed by a His 6 tag and a BamHI restriction site. The 2145-bp PCR product was digested with BamHI and NcoI and ligated into the Gramϩ/GramϪ shuttle vector pSOG3 (a gift from S. Otten; Giessen, Germany), previously digested using NcoI and BglII, yielding pSOPact encoding a 591-amino acid ActA-His 6 fusion protein (here denoted sActA). The prfA gene was amplified by PCR using L. monocytogenes EGD chromosomal DNA as template and the primers CCTCGGTACCATATACTAACTCTA (KpnI) and TTGCAGGCCTTCTT-GGTGAAGC (StuI) annealing upstream of the prfA promoter and downstream of the prfA gene. The resulting PCR fragment was digested with KpnI and StuI and ligated into pSOPact yielding pMMPact. Single amino acid residue substitutions within the fourth proline-rich repeat were introduced using the QuikChange TM Site-directed Mutagenesis Kit (Stratagene). The coding sequence for the EVH1 domain of murine Mena (residues 1-112) was amplified by PCR using the plasmid pBSSЉ containing Mena cDNA (a gift from F. Gertler; Boston) as a template and the primers CCGCACCATGGCTGAACAGAGTATC (NcoI) and CT-TAGAAGTGTTAAATTGACAGGATCCAGGG (BamHI). After NcoI and BamHI digestion, the PCR fragment was ligated with the NcoI/BglIIdigested Escherichia coli expression vector pGEX-6P-1 (Amersham Pharmacia Biotech). Mutants and PCR-amplified fragments were resequenced to rule out PCR errors.
Purification of sActA and Mena EVH1 Domain-To prevent contamination of sActA with native, membrane-bound ActA, the expression of sActA and sActA mutants was performed in the strain L. monocytogenes EGD ⌬vgc, which lacks the complete virulence gene cluster.
2 Cells of L. monocytogenes EGD ⌬vgc were transformed with plasmids encoding sActA derivatives as described by Park et al. (34) .
For ActA protein purification, 5 ml of brain heart infusion medium containing 5 g/ml erythromycin was inoculated with a single colony of L. monocytogenes EGD ⌬vgc transformed with the pMMPact plasmid and grown overnight at 37°C. The bacterial culture was diluted 50-fold in brain heart infusion medium with 5 g/ml erythromycin and grown for 10 h at 37°C. This culture was used to inoculate 4 liters of freshly prepared MM1 minimal medium (containing 6.56 g KH 2 
.5 mg riboflavin, 1 mg thiamin, 0.5 mg D-biotin, and 0.005 mg ␣-lipoic acid) with 5 g/ml erythromycin to an A 600 nm of 0.1 and grown overnight at 28°C. Following centrifugation, 20 ml of nickel-nitrilotriacetic acid-agarose (Qiagen) equilibrated with binding buffer (25 mM HEPES, pH 7.5, 150 mM KCl) was added to the supernatant and incubated with agitation for 6 h at 4°C. All subsequent steps were performed at 4°C in the presence of Complete Protease Inhibitor Mixture Tablets (Roche Molecular Biochemicals). The nickel-nitrilotriacetic acid resin was collected in a column and washed with binding buffer to remove traces of MM1 media. sActA was eluted from the nickel-nitrilotriacetic acid resin in batch mode using 3 ϫ 50 ml of elution buffer (25 mM HEPES, pH 7.5, 150 mM KCl, 1 M imidazole, pH 7.5). Protein fractions were pooled, dialyzed against 25 mM HEPES, pH 7.5, applied to a MonoQ 10/10 column (Amersham Pharmacia Biotech), and eluted using a linear NaCl gradient ranging from 0 to 500 mM in 25 mM HEPES, pH 7.5. Fractions containing sActA were frozen in liquid nitrogen and stored at Ϫ80°C. The correct processing of sActA was verified by N-terminal amino acid sequencing. Protein concentrations were determined by amino acid analysis and by measuring the absorbance at 280 nm. Absorption coefficients were calculated from the amino acid composition to be 13,960 and 16,500 M Ϫ1 cm Ϫ1 (280 nm) for ActA and Mena EVH1, respectively (35) .
Mena EVH1 domain was produced as an N-terminal glutathione S-transferase (GST) fusion protein in E. coli strain BL21(DE3) Codon Plus (Stratagene). For protein production, cells were cultured at 37°C in 2 liters of LB medium (containing 100 g/ml ampicillin and 34 g/ml chloramphenicol) to an A 600 nm of 0.5-0.8. Prior to induction with isopropylthio-␤-D-galactoside (final concentration, 0.1 mM), cells were cooled to 20°C. Cell culturing was continued for 18 h. After French press cell lysis and centrifugation, the supernatant was applied to a glutathione-Sepharose column (Amersham Pharmacia Biotech) equilibrated with PreScission-Protease cleavage buffer (50 mM Tris/Cl, pH 7.0, 150 mM NaCl, 1 mM EDTA and 1 mM dithiothreitol). Non-binding cell constituents were eluted with PreScission-Protease cleavage buffer. Following removal of the GST tag (200 units of PreScission-Protease (Amersham Pharmacia Biotech) for 3-5 days at 4°C), Mena EVH1 domain was eluted with phosphate-buffered saline and concentrated using Centriplus 3 cells (Amicon). After dialysis against 20 mM HEPES, pH 7.5, the protein was further purified by ion exchange chromatography using a MonoS 10/10 column (Amersham Pharmacia Biotech) applying a linear NaCl gradient (0 -1 M in 20 mM HEPES, pH 7.5). The purified protein was concentrated to 15 mg/ml on the basis of its theoretical extinction coefficient (35) .
The molecular weight of the purified proteins was verified by matrixassisted laser desorption ionization/time of flight mass spectrometry.
Analysis of ActA Binding Activity-Ten microliters of carboxylated polystyrene beads (0.5 m, Polysciences, Inc.) were washed twice with homogenization buffer (36) and incubated with 0.75 mg/ml purified sActA (or mutants) and 1.25 mg/ml bovine serum albumin (BSA) for 2 h at room temperature. Control beads were coated with BSA alone at concentrations of 2 mg/ml. Coated beads were washed three times with homogenization buffer, resuspended in 10 l of the same buffer, and stored on ice.
To determine the binding activity of the ActA proteins, 1 l of ActA-coated beads (or BSA-coated beads) was mixed with 9 l of mouse cytosolic brain extract and 0.2 l of rhodamine-labeled G-actin (Cytoskeleton, Inc., Denver, CO) at room temperature for 30 min. The reaction mixtures were applied to glass coverslips coated with Cell-Tak (Becton Dickinson), incubated for 5 min to allow attachment of the beads to the glass surface, and then fixed with 4% paraformaldehyde at room temperature for 30 min. Ena/VASP proteins bound to the bead surface were detected using the Evl monoclonal antibody 84H1 (37) . Specimens were mounted with Prolong (Molecular Probes) and observed with a Zeiss inverted microscope 135 TV using a 100ϫ/1.4 NA Plan Apochromat objective in combination with 2.5ϫ optovar optics. Image acquisition followed Geese et al. (38) .
To analyze the binding of the Arp2/3 complex to ActA, the procedure was repeated, with the difference that the coated beads were resuspended in Laemmli SDS gel buffer. The Arp2/3 complex was detected by Western blot analysis using a p21-Arc affinity-purified polyclonal antibody (23) .
Analytical Ultracentrifugation Experiments-A Beckman XL-A analytical ultracentrifuge equipped with a photoelectric scanner and an 8-place An50 Ti rotor with double sector centerpieces at 45,000 -50,000 rpm and 20°C was used for all sedimentation velocity experiments. A standard titration experiment consisted of a total of 12 different mixtures of sActA (or sActA mutants) and Mena EVH1. 400 l each of these 2 T. Chakraborty, unpublished results. mixtures were prepared, and every second of these probes was run immediately (1 h after mixing), while the remaining 6 were kept at 4°C and run after ϳ7 h. A simple binding model for the interaction of n molecules EVH1 with a single molecule of ActA is given by Reaction 1,
with a single macroscopic binding constant defined by Equation 1,
For the case of two macromolecules, ActA and EVH1, forming multiple complexes ActA⅐EVH1 n , it is shown in the supplement that in the presence of an excess of free EVH1 two sedimenting boundaries are formed: a slow sedimenting boundary representing free excess EVH1 and a faster sedimenting boundary representing ActA and all complexes ActA⅐EVH1 n together. The shape of a concentration profile for a single species in a sedimentation velocity experiment can be satisfactorily modeled by a Gaussian error function. To evaluate binding of EVH1 to ActA, the concentrations of free and bound EVH1 were extracted from the measured profiles A(x,t) by fitting Equation 2,
described in detail in the Supplemental Material. s A and s M are the sedimentation coefficients of the slow and fast sedimenting boundaries, respectively.
This fit yields the absorption for EVH1 free (A P A (0)) and the sum of the absorptions for sActA total and EVH1 bound (A P M (0)) at the beginning of the sedimentation run. The total concentrations of sActA and EVH1 at the beginning of the sedimentation run are known from their respective absorptions at 280 nm. Thus, the concentrations of EVH1 free and EVH1 bound can be calculated and used to derive n and K for the above binding model by non-linear least square fitting.
Sedimentation Equilibrium Centrifugation-For sedimentation, equilibrium analysis samples of 120 l were run in 6-channel centerpieces (column height ϳ3 mm) at the specified speed until no change in concentration distribution could be observed for at least 12 h. Scans from these 12 h were averaged and evaluated by fitting the distribution function for a single species (Equation 3),
where x is distance from the center of rotation; x m is position of the meniscus; is angular velocity; v is partial specific volume of the solute; is density of the solution) using the program package AKKUPROG (39). The partial specific volume for ActA was calculated from the amino acid composition to be 7.29⅐10 Ϫ4 m 3 /kg.
RESULTS
Purified Recombinant ActA Induces Actin Assembly in Vivo-Soluble recombinant ActA (sActA, residues 1-591; Fig.  1A ) and the sActA mutants I354P, I354M, I354S, and F351D were purified from supernatant of pMMPact-transformed L. monocytogenes EGD ⌬vgc cell cultures yielding about 10 mg of pure and homogeneous protein per liter (Fig. 1B) . As reported previously (12) , sActA (65 kDa) migrates with an apparent molecular mass of about 95 kDa presumably due to its extended shape caused by the central proline-rich sequences.
The functional activity of the ActA proteins was verified through induction of actin filament assembly in mouse cytosolic brain extracts ( Fig. 2A) . In contrast to the BSA-coated control beads, clouds of actin filaments surrounded ActA-coated polystyrene beads, indicating that the recombinant ActA proteins were competent for recruitment of actin cytoskeleton components. Ena/VASP protein recruitment by ActA was verified by incubating ActA-coated beads with mouse cytosolic brain extract and labeling them with an antibody recognizing Evl, a member of the Ena/VASP family abundant in brain cells (Fig. 2B) . The successful recruitment of Evl by all ActA variants proves their proline-rich repeat sequences to be functional under the experimental conditions used in this study. Recognition of ActA proteins by the Arp2/3 complex was corroborated by Western blot analysis using polyclonal antibodies against the p21-Arc (Arp complex) subunit (Fig. 2C) . All ActA variants bind p21-Arc in the cell extracts indicating a direct interaction with the Arp2/3 complex. In summary, all purified ActA proteins were completely functional and properly folded and hence suited to analyze their interaction with EVH1 domains.
ActA Can Simultaneously Interact with Four EVH1 Domains-Separate ultracentrifugation experiments of free sActA and free Mena EVH1 domain showed that each protein solution contains a single molecular species (data not shown). The corresponding sedimentation constants are 2.6 S and 1.7 S, respectively. Analysis of the shape of the sedimenting boundary for sActA alone using numerical integration of Lamm's differential equation (39 -41) gave a diffusion coefficient of ϳ6⅐10 Ϫ11 m 2 s Ϫ1 corresponding to 40 kg/mol molar mass. Dimeric or higher oligomeric species of sActA or Mena EVH1 were not observed. Upon addition of Mena EVH1 domain to sActA in molar ratios ranging from 0.5:1 to 17:1, the sedimentation constant of the sActA⅐EVH1 complex increased (Fig. 3, A and B) . A maximum of 4.2 S is observed at a molar ratio of about 10:1 and above. Molar ratios above 1:1 produced an additional slower sedimenting boundary with a sedimentation constant of 1.7 S corresponding to free Mena EVH1. By evaluating the heights of the sedimenting boundaries the concentrations of free EVH1 and the sActA⅐EVH1 complex can be calculated. The resulting binding isotherm shows that a single sActA molecule can simultaneously interact with up to four Mena EVH1 domains (n ϭ 3.8 Ϯ 0.3) (Fig. 4A) . Furthermore, the full saturation of all four binding sites of sActA by Mena EVH1 domains requires an 8 -10-fold molar excess of Mena EVH1 under the conditions of the sedimentation experiment. On the assumption that each of the four EVH1-binding sites shows a similar affinity for Mena EVH1 domains, a dissociation constant for each FP 4 -EVH1 interaction of about 4 M was estimated.
ActA Contains Four Equivalent, Moderately Strong Binding Sites for EVH1 Domains-Niebuhr et al. (21) demonstrated the
following: (i) FP 1 P 2 P 3 P 4 is the essential recognition motif for EVH1 domains; (ii) the phenylalanine of this motif may be replaced by other aromatic amino acid residues (Tyr and Trp) or by leucine; and (iii) the proline residues are less sensitive to amino acid substitutions. ActA from L. monocytogenes EGD shows only in the fourth of the FP 4 motifs a deviation from the canonical sequence, a proline is replaced by an isoleucine (Ile-354) (Fig. 1A) . Thus, the fourth FP 4 motif with the sequence FPPIP could potentially constitute a "weaker" EVH1-binding site. We therefore replaced Ile-354 by proline and other amino acid residues to analyze the tolerance of this position for amino acid substitutions. In addition, due to previous studies indicating that phenylalanine is essential for binding of synthetic FP 4 peptides by EVH1 domains (21), we created the mutant ActA(F351D).
Stoichiometries and dissociation constants of the ActA⅐EVH1 complex for each mutant were determined by analytical ultracentrifugation under conditions required for the sActA⅐EVH1 complex formation (see above). Mutants I354P, I354M, and I354S each revealed an ActA:EVH1 stoichiometry of ϳ1:4 (1: 3.7 Ϯ 0.2; 1:4 Ϯ 0.7; and 1:3.7 Ϯ 0.2), effectively indistinguishable from that of the native sActA⅐EVH1 complex (1:3.8 Ϯ 0.3) ( Table I ). The third proline of this FP 4 motif is therefore quite tolerant for amino acid substitutions.
In contrast to Ile-354, Phe-351 of the fourth FP 4 motif is critical. Its mutation to aspartic acid abrogates EVH1 binding Polystyrene beads were coated with ActA proteins and incubated with brain extracts supplemented with rhodamine-labeled G-actin. All ActA proteins induce the formation of actin clouds at the bead surface, in contrast to BSA-coated beads (upper panels, phase-contrast images; lower panels, fluorescence images). B, ActA proteins bind to Ena/VASP proteins. ActA-coated beads were incubated with cytosolic brain extracts, fixed, and stained with monoclonal antibodies against Evl. Again, all ActA proteins recruit Ena/VASP proteins to the bead surface, whereas BSA-coated beads do not bind to Evl. C, interaction of ActA proteins with the Arp2/3 complex. After incubation with brain extract, ActA-coated beads were washed with homogenization buffer and resuspended in SDS-polyacrylamide gel electrophoresis sample buffer. Following SDS-polyacrylamide gel electrophoresis, binding of the Arp2/3 complex to ActA was determined by Western blot using an antibody against the p21-Arc subunit. BSA-coated control beads do not interact with the Arp2/3 complex. MWM, molecular weight markers.
by this site lowering the ActA(F351D)⅐EVH1 complex stoichiometry to roughly 1:3 (n ϭ 2.8 Ϯ 0.1) (Fig. 4B) . The dissociation constant of the remaining three FP 4 motifs of the order of 1.8 Ϯ 0.4 M (Fig. 4B ; Table I ) necessitates a 5-6-fold molar excess of EVH1 for their complete saturation.
ActA Is a Monomer-Chemical cross-linking and yeast twohybrid system studies have suggested that ActA is a functional dimer (33) . By using sedimentation equilibrium centrifugation, the sedimentation equilibrium of sActA indicates an experimental molecular mass of 59.5 kDa (Fig. 5) . Since the molecular mass of the sActA monomer is 65 kDa, these experiments indicate that sActA is in fact monomeric under the present experimental conditions. We did not observe concentration gradient deviations indicating molecular species with higher molecular masses. These results confirm the abnormally low sedimentation velocity of 2.6 S and low diffusion coefficient observed in analytical ultracentrifugation experiments which indicate an elongated monomeric ActA molecule, in correspondence to recently published data (42) . DISCUSSION The surface protein ActA from L. monocytogenes efficiently interacts with components of the host cell actin polymerizing machinery (21, 42, 43) presumably by functionally mimicking mammalian proteins such as zyxin and vinculin (21) . Both zyxin and vinculin harbor FP 4 motifs similar to those of ActA that are responsible for the recruitment of Ena/VASP proteins. Fyb/SLAP, a hematopoietic protein, also contains FP 4 motifs that are similarly required for its interaction with Ena/VASP proteins (37) . The binding of Ena/VASP proteins to FP 4 motifs of Fyb/SLAP is essential for actin remodulation processes that accompany T-cell activation. Thus, understanding the structure and function of ActA should help to unravel the molecular mechanisms underlying actin-based eukaryotic cell processes such as cell motility and phagocytosis.
We have investigated the complex formation of recombinant sActA and Mena EVH1 domain. By using analytical ultracentrifugation experiments with purified proteins, we show that the stoichiometry of the sActA and EVH1 components is ϳ1:4, (48) where the absorption is plotted against the sedimentation coefficient. The solid line depicts the first derivative thereof showing a slower peak (2) at 1.7 S and a faster peak (1) at 4.0 S corresponding to free EVH1 domain and the sActA⅐EVH1 complex of 1:3, respectively.
demonstrating that each of the four FP 4 motifs in native ActA participates in EVH1 recruitment. This result is supported by peptide library scans using synthetic ActA-derived oligopeptides. They show that each of the four FP 4 motifs of ActA has the capacity to interact directly with Ena/VASP proteins in vitro (21) .
The proline-rich region of ActA is known to accelerate Listeria movement through the recruitment of Ena/VASP proteins. Thus, the sequential removal of the FP 4 motifs in the actA gene leads to a decreased bacterial motility (32) . The complete deletion of the proline-rich region of ActA severely reduces the intracellular motility of Listeria cells and strongly attenuates virulence by undermining localization of VASP and Mena and, as a result, profilin near the bacterial surface (18, 21, 32) . These findings may be rationalized by the presence of multiple Ena/VASP-binding sites within ActA. Nevertheless, deleting parts of ActA in the absence of structural information makes it difficult to determine the functional interdependence of the separate EVH1-binding sites. Our in vitro binding studies using natively folded proteins uniquely demonstrate that each of the four FP 4 motifs of native ActA actively participates in Ena/VASP recruitment. In contrast to other techniques such as surface plasmon resonance or overlay assays, in which one of the analyzed protein components has to be immobilized on a matrix, analytical ultracentrifugation moreover allows the interaction of proteins in solution, preventing the blocking of binding sites due to random interactions with the matrix.
Overlay and solid phase binding assays indicate that the phenylalanine within FP 4 motifs is essential for EVH1 binding (21) . This is in agreement with the crystal structures of Mena and Evl EVH1 domains in complex with an ActA-derived FP 4 peptide (26, 27) , where the peptide ligand binds to a pocket of the EVH1 domain mainly through hydrophobic contacts with F, P 1 and P 4 of the FP 1 P 2 P 3 P 4 motif (Fig. 6) . The mutant protein ActA(F351D), in which the phenylalanine of the fourth FP 4 motif was replaced by aspartic acid, can only bind three Mena EVH1 domains, indicating that phenylalanine is also critical for EVH1 binding in natively folded ActA. Amino acid residues flanking the FP 4 motif that participate in the ActA-EVH1 interaction (44, 45) were not able to compensate for the mutation of phenylalanine in the fourth FP 4 motif. Mitochondria targeting assays using the human focal adhesion protein zyxin (46) , which also displays four potential Ena/VASP binding sites, similarly indicate that recruitment of Mena by zyxin can only be prevented by inactivating all four FP 4 motifs through Phe3 Ala substitution. Bacterial ActA and human zyxin thus presumably employ a similar mode in recruiting Ena/VASP proteins.
We estimate the binding affinities of EVH1 for each FP 4 motif of sActA to be in the order of 4 M. This resembles to the affinity of Mena EVH1 for ActA-derived synthetic peptides FPPPPTDEEL (K d ϭ 5 M) (26) , and we therefore propose that the binding energy of the ActA-Mena EVH1 interaction is mainly contributed by this stretch of amino acid residues containing the FP 4 motif plus five C-terminal flanking residues.
An alignment of ActA sequences from various L. monocytogenes serotypes indicates that P 3 in the last FP 4 motif is in fact Centrifugation of sActA was performed in 25 mM HEPES, pH 7.5, at a constant speed of 14,000 rpm so that sedimentation is balanced by diffusion. The resulting gradient of sActA across the cuvette allows the native molecular mass of sActA to be calculated independently of its shape. The absorption profile of sActA (ࡗ) agrees with the theoretical concentration profile for a single molecular species with a molar mass of 59.5 kDa and a partial specific volume of 0.730⅐10 Ϫ3 m 3 kg Ϫ1 (smooth line). OE indicates the deviation of these two profiles (note the different scale for the deviation). The dotted line represents a theoretical concentration profile for a dimer of 119 kDa and the same overall concentration and partial specific volume as the monomer. not a proline but an isoleucine or methionine instead (47) . To study the importance of Ile-354 at this position in the fourth FP 4 motif of ActA from L. monocytogenes EGD in EVH1 binding, we analyzed the complex formation of the EVH1 domains with the mutant proteins I354P, I354S, and I354M, respectively. Interestingly, the stoichiometries and binding affinities of all mutant proteins are essentially indistinguishable from those of native sActA (Table I) . A proline at position 4, as observed in the first three FP 4 motifs of ActA, does not lead to a measurable increase in the affinity of ActA(I354P) for EVH1 binding. On the other hand, substituting Ile-354 by methionine or the polar amino acid residue serine, which is not found in any Listeria serotype at this position, also does not change the character of complex formation. Position 4 of the fourth FP 4 motif of ActA is therefore not critical. This is corroborated by the crystal structures of Mena and Evl EVH1 domains in complex with synthetic FP 4 peptides which indicate the residues 3 and 4 of the FP 4 ligand to be not directly involved in complex formation. Prolines at positions 3 and 4 are therefore presumably preferred for their PPII helix formation propensity but not mandatory for EVH1 binding. The observed 1:4 complex between sActA and Mena EVH1 domain demonstrates that the FP 4 motifs of native ActA are spatially sufficiently separated to allow the unhindered simultaneous interaction of four EVH1 domains with the same ActA molecule. The stretches between the particular FP 4 motifs of ActA ("inter-repeat regions" or IRRs) therefore function as molecular spacers. IRR lengths range from 29 amino acid residues for the first and second IRR to 39 amino acid residues for the third. Assuming, for simplicity, an unbent ␣-helical conformation for the IRRs, the FP 4 motifs would be separated by 44 -60 Å, whereas an extended ␤-strand conformation of the IRRs would correspond to a hypothetical maximal distance of 75-100 Å. The binding groove of the Mena EVH1 domain has a length of about 25-30 Å (Fig. 6) . The length of the ActA IRRs is therefore potentially more than sufficient to allow for the unrestricted binding of four Ena/VASP monomers or even tetramers to a single ActA molecule. Apart from the fact that ActA possesses a low content of secondary structure elements (42), 3 little is known about the tertiary structure of the proline-rich region within the ActA protein. The low sedimentation velocity of 2.6 S observed for sActA in analytical ultracentrifugation experiments and the severe susceptibility of sActA to proteolytic degradation suggest an elongated structure of potentially significant flexibility rather than a compact globular structure for ActA. This would support the notion that the FP 4 motifs are well separated on the molecular surface of ActA to allow for the simultaneous binding of four Ena/VASP proteins.
In contrast to ActA, the IRRs of human zyxin are significantly shorter, ranging from five (IRR 3) to 16 amino acid residues (IRR 1). Even in an extended ␤-strand conformation, IRR 2 (6 amino acid residues) and IRR 3 (5 amino acid residues) of zyxin would hardly reach a length of 13 Å necessary for simultaneous EVH1 binding. The last two FP 4 motifs of zyxin are proposed to share some flanking residues leading to a partial overlap of the EVH1-binding sites (45) . Simultaneous binding of four Ena/VASP monomers or tetramers to zyxin therefore seems unlikely due to sterical hindrance of these molecules, although peptide library scans indicate that all four FP 4 motifs of zyxin are independently recognized by VASP (46) . In addition, Ena/VASP proteins bind FP 4 motifs of zyxin and vinculin significantly weaker than the corresponding motifs in ActA, possibly to allow for a more regulated actin filament formation (21, 26, 45) . Intracellular Listeria cells can thus compete successfully with the host cell proteins zyxin and vinculin for EVH1 binding for two reasons as follows: (i) the FP 4 motifs in ActA adopt a consensus sequence ideally optimized for EVH1 interaction and are, therefore, able to remove efficiently Ena/VASP proteins from their cellular localization, and (ii) the probability of Ena/VASP binding to ActA is strongly (26) . F, P 1 , and P 4 of the ligand are in close contact to residues of the EVH1 domain thereby determining the binding specificity. In contrast, P 2 and especially P 3 are in distal orientation to the EVH1 domain and therefore not directly involved in FP 4 -EVH1 interaction. Image was generated using GRASP (49) . increased through a higher number of simultaneously available binding sites for Ena/VASP proteins within ActA (in comparison to zyxin or vinculin).
Regarding the question concerning ActA dimer formation, our results clearly indicate that in contradiction to the observations of Mourrain et al. (33) , ActA does not form dimers or high order oligomers. Our data therefore agree with those of Cicchetti et al. (42) , who recently showed that ActA behaves like a monomer. Reasons for contradictory results may include that Mourrain et al. (33) used long cross-linkers of 8 -10 atom spacers rather than zero length cross-linkers for the analysis of ActA-ActA interaction. The observed ActA dimer formation was thus possibly not based upon specific interaction of the ActA molecules. Furthermore, the chemically induced dimerization of ActA never proved to be quantitative but represented, at best, only 5-10% of the total amount of ActA. Overall, the findings of Mourrain et al. (33) thus do not provide a compelling evidence for a physiological relevance of ActA-ActA interaction.
Based on our results, we propose a model whereby each monomeric ActA molecule on the surface of intracellular Listeria can simultaneously interact with four Ena/VASP proteins (Fig. 7A) . Provided tetramerization of Ena/VASP proteins is not impaired through steric hindrance on ActA recognition, each FP 4 motif could recruit an Ena/VASP tetramer (Fig. 7B) , generating up to 16 profilin-G-actin-binding sites and supporting efficient actin polymerization. If neighboring ActA molecules were to bind the same Ena/VASP tetramers, this would result in a dense network of alternating ActA and Ena/VASP molecules on the bacterial surface (not shown for reasons of clarity). We cannot exclude the possibility that a single Ena/ VASP tetramer simultaneously binds all four FP 4 motifs of a single ActA molecule. This improbable scenario would result in a 1:4 stoichiometry indicated by our experiments which, however, rely on monomeric Mena EVH1 domain molecules. To prove our hypothesis of a 1:16 stoichiometry of Ena/VASP monomers to ActA, analysis of the complex formation between ActA and full-length Ena/VASP proteins would be useful.
